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Using Definitions of Concepts in Introductory Physics Courses for Scientists
and Engineers
Abstract
Introductory physics courses are to some extent the pillars of the more advanced and specialized
engineering courses. In traditional introductory physics instruction at high schools and univer-
sities, fundamental concept definitions (e.g. acceleration is the rate of change of velocity with
respect to time) are de-emphasized and a number of case-specific equations (e.g. the traditional
constant-acceleration kinematic equations) are used. Emphasizing fundamental concept defi-
nitions in physics education provides significant advantages, including consistency of concept-
interpretation in all representations and the ability to make general inferences about specific cases
among others. Breakthroughs in engineering, such as new materials, new technologies, or dra-
matic cost reductions, sometimes rely on use of first principles. In this paper, advantages and
disadvantages of emphasizing concept definitions in multiple representations in introductory
physics, based on education research and my own teaching experiences, will be discussed. As-
sessment data are also presented which show that using the definitions of concepts in all aspects
of the introductory physics courses (lecture, homework etc.) allows students to achieve high
learning gains.
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Introduction
Physicists often take pride in how a small number of concepts and relationships between concepts
(principles) can explain and predict a vast number of physical phenomena. Traditional introduc-
tory physics textbooks for scientists and engineers emphasize predominantly case-specific equa-
tions and de-emphasize the small number of fundamental physics concept definitions, especially
in the algebraic representation (mathematical equations). Case-specific equations are valid only if
specific conditions are met.
For example, the algebraic equations very often emphasized in traditional kinematics (study of
motion) are the following:









j,i + 2a j∆r j (3)
where j is x, y, or z; i indicates an initial quantity; ®r is the position vector; ®v is the velocity vec-
tor; and ®a is the acceleration vector. Equations 1-3 are valid only if acceleration is constant. In
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Typically, the definitions of physics concepts (such as Equations 4, 5) are used to derive case-
specific equations (such as Equations 1-3) in introductory physics textbooks; however, they are
not used extensively in problem-solving. Other examples of case-specific equations are found in
rotational motion, work, and electric fields.
Physicists need a precise definition of physics concepts for the unambiguous application of con-
cepts in the natural sciences. Percy Bridgman (Nobel Prize in physics, 1946) discussed the im-
portance of physical operations in defining physics concepts [6] and Arnold Arons, a leader in
physics education, discussed the importance of emphasizing operational concept definitions in
physics education [4]. Operational (or procedural) definitions of scientific concepts provide a
method that one has to follow in order to properly apply the concept to a specific situation [16].
In addition to their definition, physicists also need concept-representations. Physics concepts can
be represented as arrows (pictorial representation), graphs (graphical representation), or mathe-
matical equations (algebraic representation), and sometimes multiple representations are used in
physics education.
The innovative RealTime Physics labs [18] and Tutorials in Introductory Physics [13] empha-
size the operational definitions of concepts in graphical and pictorial representations and have
been shown to help students learn more [19],[14]. Why, then, do introductory physics textbooks
emphasize case-specific equations in the algebraic representation? In this paper, we discuss an
example from kinematics, together with assessment data and advantages/disadvantages of empha-
sizing definitions of concepts.
Example
I will illustrate the approach with a simple example (based on an example found elsewhere[11])
that highlights the use of the definitions of velocity and acceleration in the pictorial, graphical,
and algebraic representations.
Problem: A car is moving at 10m/s when an obstacle suddenly appears on the street. The driver
hits the breaks and the car comes to rest in 2s. How far did the car travel while braking to a stop?
Solution: Step 1. Let’s assume that the car has a constant acceleration ax during this motion and
that the direction of the initial velocity is the direction of +xˆ.
ax = −k
where k is a positive number. Using the definitions of change in velocity and acceleration (Equa-
tions 4 and 5), we can plot the motion diagram of the car (Figure 1, pictorial representation).
Figure 1: The motion diagram of the car modelled as a point particle.
Acceleration represented as a graph:
Figure 2: The graph of ax as a function of time. Note that by obtaining the change in velocity by
calculating the area under this graph in this graphical representation we are consistent with our
work in Step 4, where we obtain the change in velocity in the algebraic representation.
Step 2. Since acceleration is the slope of the velocity-time graph (Equation 4) and we know the
initial velocity, we can also construct the vx-t graph:
Figure 3: The graph of vx as a function of time. Note that by obtaining the change in position by
calculating the area under this graph in this graphical representation we are consistent with our
work in Step 5, where we obtain the change in position in the algebraic representation.
Step 3. Similarly, since velocity is the slope of position-time graph (Equation 4), and assuming
that x = 0 when t = 0, we can also obtain the x − t graph:
Figure 4: The graph of x as a function of time.
Step 4. Employing the definition:














−kdt′ = −k(t − 0) = −kt
or use graphs. An explicit calculation of the area under the ax versus t graph also gives −k(t − 0)
or −kt; thus,
∆vx = vx − vx,i = −kt
vx = vx,i − kt
vx = 10 − kt
Since vx = 0 when t = 2s, we get k = 5. So, vx = 10 − 5t. Check: our algebraic representation of
velocity agrees with the graphical representation, since both have a negative slope and when t = 0
velocity is 10m/s.
Step 5. Now to find the equation for position as a function of time, from Equation 4 we get:




Working from the graphical representation, we can evaluate the integral as the area under the vx −
t graph, which gives:
(1/2)(vx,i + vx)t = (1/2)(20 − 5t)t = 10t − 2.5t
2















∆x = 10t − 2.5t2
The displacement from t = 0 to t = 2 s is then ∆x = 20 − 10 = 10m. The algebraic equation for
position (note that xi = 0) is
x − xi = x = 10t − 2.5t
2
Check: our algebraic representation of position agrees with the graphical representation since
they both describe a parabola.
Assessment
I have been emphasizing the definitions of concepts in my introductory physics courses for the
last six years. The example from kinematics shown above demonstrates the expectations I have
from my introductory physics students for how to approach problem solving. The definitions
of concepts are to be used to solve kinematics problems. The first thing I wanted to evaluate
was whether such an approach prevented students from making significant conceptual learning
gains. I used assessment instruments, developed by research in physics education, to assess stu-
dent learning. My students were able to score (post-test) 79% (N = 26) - 84% (N = 23) in the
validated Test of Understanding Graphs - Kinematics (TUG-K) instrument [5]. Students have
also achieved an average normalized learning gain of 47% (N = 22) - 52% (N = 26) in the
validated Force Concept Inventory (FCI) instrument, which assesses student learning of under-
standing Newtonian mechanics [10]. These learning gains are significantly larger than the gains
achieved in traditional introductory physics courses (about 15-20%). The data presented here are
from an introductory physics class at a small (about 1300 students) private liberal arts college.
The students were science majors. This evidence suggests that emphasizing the definitions of
physics concepts in introductory physics does not prevent students from making significant learn-
ing gains. Future work will include student interviews in order to collect evidence for the benefits
of emphasizing the definitions of concepts in introductory physics.
Advantages
One advantage in emphasizing concept definitions in all representations is the consistency a-
chieved in the interpretation of concepts in the different representations. As an example from
kinematics, the definition of acceleration can be used in both the algebraic and pictorial repre-
sentations in order to determine the direction of acceleration. This advantage can be important
in introductory physics courses where multiple representations of concepts are extensively used
and students have to translate information from one representation to another. The ability to use
multiple representations is highly valued in physics, and it may even be a necessary condition
for expertise in physics [12]. Also, if students use the area under a pressure-volume graph to cal-
culate the work done by an ideal gas in an engineering or chemistry course and the area under a
force-position graph (as opposed to a case-specific equation) to calculate work done by a force in
a general physics course, it may be easier for them to understand the connection between the two.
By relying on the definitions of concepts in introductory physics, we have increased consistency
within the undergraduate physics curriculum because both introductory and upper-level students
could be using the same algebraic techniques to analytically solve problems (some engineering
students do take upper level physics courses). Upper-level students working on problems with air
resistance, for example, could use the (graphical or analytical) integration techniques learned in
introductory physics to determine the equations that describe the motion.
Arons argued that including problems that involve only constant acceleration implants the mis-
conception that all calculations are to be made with the formulas applying to the constant special
cases and that it is impossible to deal with cases of continuous change [3]. Probably, similar mis-
conceptions may exist by including problems that involve only constant forces, electric fields,
etc. Using the definitions of concepts could make it easier to include problems that involve non-
constant physics concepts, which could in turn help alleviate this misconception in introductory
physics.
Definitions can provide both average and instantaneous quantities of concepts, and they are al-
ways valid. With such generally applicable definitions, we can make general inferences. As an
example from kinematics, to determine whether acceleration is zero when the velocity of the par-
ticle is zero, we could use the general definition of acceleration (for more details on this exam-
ple please see reference [15]). Using only the definitions could also help clarify that i) it is the
change of position and velocity that determine velocity and acceleration respectively, and ii) from
velocity and acceleration we can only get the changes in position and velocity respectively. As an
example from electrostatics, using the area under an electric field-position graph may help clarify
that we can only get changes of potential from the the electric field.
With an approach based on concept-definitions, students will have to start from fundamental
knowledge (for example, the definition of velocity), make assumptions about the physical phe-
nomenon (for example, constant velocity), and, finally, combine the two to build the physics model.
Thus, by emphasizing the definitions of concepts, we provide an additional argument to our stu-
dents to make their assumptions explicit. Starting from fundamental principles also helps our
engineering students understand the thinking process that may be sometimes needed for break-
throughs in technology [1].
There are several ways to define a concept [16]. As mentioned in the introduction, operational
(or procedural) definitions of scientific concepts provide a method that one has to follow in order
to properly apply the concept to a specific situation [16]. Within the approach “idea first, name
afterwards”, Arons argued that using operational definitions increases student understanding of
difficult physics concepts [2]. Thus, when emphasizing definitions of physics concepts, it is im-
portant to provide to our students the process they need in order to apply these concepts.
Emphasizing general (operational) definitions of concepts does not imply that physics students
should not be proficient with case-specific equations (such as Equations 1-3) and know when
and how to use them; however, students will probably benefit if they are exposed to case-specific
equations after mastering the application of concept-definitions. This is because students need
to be able to use the fundamental definitions in order to resolve inconsistencies that arise in their
case-specific knowledge [16]. Previous studies provide examples of such difficulties with the con-
cepts of velocity and acceleration due in part to students having compiled case-specific knowl-
edge without the general knowledge background from which special cases can be inferred [17].
In addition, the efficiency that case-specific equations allow is an asset primarily for advanced
problem-solvers, due to the reduced demand on finite mental resources [16]. Thus, we need to
first emphasize the operational definitions of concepts and let the students master those before in-
troducing case-specific knowledge. Reif has also argued that the students should be the ones that
compile the case-specific knowledge, using the procedural specifications they just mastered [16].
Some resistance from students is to be expected, since students sometimes do not value acquiring
coherent knowledge and prefer focusing on facts and formulas [9].
An approach in introductory physics that emphasizes the definitions of concepts in all represen-
tations is also consistent with computational iterative processes, as implemented, for example, in
the Matter & Interactions [7],[8] curriculum: the former utilizes analytical integration whereas
the latter utilizes numerical integration.
Disadvantages
Emphasizing definitions of concepts comes with disadvantages: most significantly, using the defi-
nitions of concepts in the algebraic representation can sometimes be less time-efficient than other
approaches during both learning and teaching. For example, when acceleration is constant, the
traditional kinematic equations will be more efficient than a definition-only approach. We need to
keep in mind, however, that while efficiency is important, is not the most important goal in teach-
ing physics. Just because students can plug-in a few numbers in an equation and rapidly get the
numerical result that solves the problem, this does not necessarily mean that the students have a
functional understanding of the concepts we want them to understand. Since introductory physics
is taught by experts, who are in general concerned about efficiency, it perhaps should not come as
a surprise that the curriculum taught for decades emphasizes case-specific knowledge.
Emphasizing concept definitions in calculus-based introductory physics courses means that deriva-
tives and integrals would be used extensively. The use of multiple representations on the other
hand gives our students the freedom to choose whether to integrate graphically or algebraically,
depending on their comfort level with those two representations. As Arons argued on kinematics
[2], the curriculum may become more meaningful, and perhaps easier, if we allow our students
to see the relevant motion concepts as areas under graphs, which, I add, they can calculate in the
representation they prefer (graphical or algebraic via integrals).
For algebra-based physics courses, which some engineering majors, such as industrial supervision
or advanced manufacturing take, the emphasis could be on the application of concept definitions
in the pictorial and graphical representations, with students finding slopes of graphs and areas un-
der graphs. Given that the Tutorials in Introductory Physics [13] and RealTime Physics labs [18]
emphasize the pictorial and graphical representations and have contributed in effective student-
learning [19],[14], minimizing the usage of case-specific algebraic equations in algebra-based
physics courses may not prevent students from strong learning gains.
Conclusions
In introductory physics instruction, case-specific algebraic equations are often used, presumably
due to their efficiency. Emphasizing fundamental concept definitions, however, provides other
significant advantages that should not be overlooked. Physics education research could help deter-
mine the extent of the need for case-specific equations in introductory physics.
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